Drinking water treatment strategies generally involve treatment processes such as screening, coagulation/fl occulation, sedimentation, and fi ltration/adsorption followed by disinfection. Disinfection approaches include chlorine/chlorine (chloramine), granular activated carbon with post chlorine (chloramine), ozone/chlorine (chloramine), chlorine dioxide/ chlorine (chloramine), chloramine/chloramine, and ultraviolet radiation/chlorine (chloramine). However, comparative evaluation of these disinfection methodologies and their application to a particular source of water is rare. In this study, a framework for multicriteria decision making has been developed. Human health risk, cost, technical feasibility, and disinfection performance have been incorporated as the criteria for evaluation of the disinfection approach. A fuzzy synthetic evaluation technique has been incorporated where fuzzy triangular membership functions were developed to capture the uncertainties of the basic attributes. This paper compares three disinfection approaches: chlorination, granular activated carbon with post chlorination, and chloramination through a multistage hierarchy risk management model in which the analytical hierarchy process has been used to determine the relative importance of various attributes at different hierarchy levels. The evaluation process was found to be sensitive to the assignment of relative importance of the attributes. Chlorination was evaluated as the best disinfection approach in most of the cases.
Introduction
The introduction of chlorination has virtually eliminated most waterborne diseases from drinking water ingestion. However, it has led to an increased risk in bladder, colon, and rectal cancers (King and Marrett 1996; King et al. 2000) . Adverse reproductive and developmental effects, including increased spontaneous abortion rates, stillbirths, cardiac anomalies, preterm deliveries, low birth weights, and fetal anomalies, are also attributable to disinfection by-products (DBPs) (Mills et al. 1998) . Although potentially carcinogenic emerging DBPs have recently been reported (Richardson 2005) , the most widely investigated DBPs include trihalomethanes (THMs), haloacetic acids, haloacetonitriles, and haloketones. Each of these DBPs groups is composed of many compounds as shown in Table 1 . Most of the DBPs in Table 1 have been demonstrated to have probable and possible carcinogenic effects on animal and human health (Bull et al. 1990; Pereira 1996) .
The International Programme on Chemical Safety reported that health risks associated with DBPs in drinking water are relatively small in comparison with the health risks associated with inadequate disinfection (IPCS 2000) . Similar conclusions have been drawn from events in a number of municipalities including Walkerton (Ontario, Canada) where seven people died and more than 2,300 became ill after E. coli contamination of the community's municipal water supply system in 2000 (MOE 2002) . In April 1993, more than 400,000 people were affected by a drinking water outbreak in Milwaukee (USA), which resulted in the death of approximately 100 people (MacKenzie et al. 1994) . The World Health Organization (WHO) reported that approximately 3.4 million people, mostly children, die every year from water-related diseases in the developing countries (WHO 2002) . Consequently, effi cient disinfection should never be compromised in exchange of DBPs formation.
To identify best management strategies, risk assessment models and risk-based decision making are widely used in the fi eld of environmental management. Some risk assessment models have parameters that are often poorly characterized, correlated, or simplifi ed, leading to inherent model uncertainties (Ferson 1996; USEPA 1998) . The type of uncertainty can be divided into two categories: (i) aleatory, which is induced from natural variability and cannot be reduced. This type of uncertainty is generally associated with variability in the data source; and (ii) epistemic, which results from a complete or partial lack of proper knowledge or information. This is generally related to the variability in the data itself. To capture these uncertainties, a number of techniques have been employed. However, application of a number approaches cannot address some of the critical issues associated with uncertainty analysis (Zimmermann 2001) .
When dealing with environmental problems, including the management of DBPs, poorly quantifi able attributes, such as technical feasibility-including technology availability, maintenance, and operational ease-must be considered. Evaluation of these attributes is generally imprecise (Chowdhury and Husain 2006) . Moreover, human health risk is represented as carcinogenic or noncarcinogenic, and is evaluated on the basis of a number of simplifying assumptions (Ferson 1996; USEPA 1998) . Simplifi cations regarding the cost of treatment approaches are also performed, and depend on (i) fi nal product quality, (ii) location, (iii) maintenance, (iv) performance, and (v) source water. The assessment of each of these factors is generally associated with a level of uncertainty. Consequently, the evaluation of environmental problems is somewhat skewed from an ideal solution. The use of fuzzy sets in the analysis of imprecise data and its application to environmental problems has been demonstrated with an acceptable degree of confi dence (Chen and Hwang 1992; Klir and Yuan 1995; Zimmerman 2001) . Fuzzy risk-cost trade-off approaches have been employed in many fi elds including nitrate-contaminated groundwater supplies (Lee 1992) , the evaluation of tank performance in battle (Cheng and Lin 2002) , and software development (Lee 1996) .
To date, research has addressed some of the issues necessary in the comparison of treatment approaches. Reiff (1995) presented a comparative evaluation of chemical and microbial risks associated with disinfection, but no specifi c information on disinfection effi ciencies or human health risk was noted in the study. Chowdhury and Husain (2005) presented human health risks from trihalomethanes (THMs); however, this study did not consider other aspects such as cost, technical feasibility, or disinfection performance of treatment technology. Lykins et al. (1994) presented a comparative performance study for four types of disinfectants (ozone, chlorine dioxide, chlorine, and chloramine); however, their study was limited to the performance of the system associated with pathogen removal. Chowdhury et al. (2007) presented fuzzy approach for selection of drinking water disinfectants. In that paper, fuzzy utility theory has been incorporated in the fi nal ranking method. In this paper, the overall status of water-treatment approaches is presented through human health risk from DBP exposure, cost of treatment approach, technical feasibility, and disinfection performance. A fuzzy synthetic evaluation technique is incorporated where fuzzy triangular membership functions characterize the uncertainties of the basic attributes. Finally, a hypothetical example is illustrated.
Formation of DBPs
Naturally occurring organic matter (NOM) in water reacts with disinfecting agents such as chlorine, chloramine, ozone, etc. to produce DBPs during the disinfection process and in distribution systems. The formation of THMs in drinking water is generally the highest, followed by haloacetic acids, haloacetonitriles, and haloketones (MOE 2004) . The presence of bromide ions results in the increased formation of brominated species of DBPs (which are comparatively more toxic to human health [IRIS 2006] ) and, consequently, a reduction in the formation of chlorinated species (Barrett et al. 2000) . Trihalomethane formation typically increases with increasing pH (Stevens et al. 1976) , while conversely, haloacetic acid and haloacetonitriles generally decrease with increasing pH (Singer 1994) . Stevens et al. (1976) reported higher THM formation at higher temperatures. An increase of NOM in water, represented as a higher ultraviolet (UV) absorbance capacity or dissolved/total organic carbon, increases DBPs formation (Sung et al. 2000) . Although most of the DBPs are formed rapidly within a few hours of reaction, longer contact periods in the treatment plant and distribution systems could add signifi cant amounts of DBPs to drinking water (Kim et al. 2002) .
Disinfectants
The most widely used disinfection approaches include chlorine/chlorine (chloramine), granular activated carbon with postchlorine (chloramine), ozone/chlorine (chloramine), chlorine dioxide/chlorine (chloramine), chloramine/chloramine, and UV radiation/chlorine (chloramine). The type and amount of disinfectant employed generally depends on the quality and quantity of water and trade-offs between risks and costs. Ozonation and UV radiation are extremely costly as primary disinfectants (4 to 10 time more than chlorination) and do not provide residual protection in distribution systems . Hence, there is a need for additional chlorine or chloramine for residual protection (USEPA 2006) . In most drinking water supply systems where cost is a critical factor in the selection of a disinfection strategy, the use of ozonation or UV radiation would likely be eliminated (Reiff 1995) . Moreover, in the presence of bromide ions in water, ozone may produce bromate which needs to be strictly limited to 10 ppb (parts per billion) to satisfy regulatory limitation (USEPA 2006) .
Chlorine is an oxidant that has been proven to be effective against waterborne microbes. It provides residual protection to inhibit microbial growth in the distribution systems. To date, it is the least expensive disinfectant available, where reported disinfection costs range from US $0.2 to $0.8 per person per year (Clark et al. 1994; Reiff 1995; Chowdhury and Husain 2006; Chowdhury et al. 2007 ). Chlorination approaches (liquid, sodium/calcium hypo chloride, gas injection) are widely available and easy to maintain. However, in the last two decades, the potential by-products formed as a result of chlorination have become a growing area of concern due to the possible health risk of DBPs (King et al. 2000) .
Chloramine is a weaker disinfectant that generally needs a considerably longer contact period and dosage to achieve the same level of disinfection as chlorination . It is stable and provides a longterm after effect where the growth of microbes is inhibited in the distribution systems. It produces relatively low concentrations of halogenated DBPs. Chloramine has been found to be harmful to patients on kidney dialysis and may form nitrogenous DBPs like N-nitrosodimethylamine, iodo-THMs, etc (Richardson 2005) . These DBPs have been reported to have risks, which are several orders of magnitude higher, in terms of toxicity, than the risks associated with the regulated DBPs (Richardson 2005) . Chloramination typically involves the shipping and handling of ammonia compounds and chlorinating chemicals, as well as requiring considerable storage to allow a suffi cient contact period for chloramines formation . Despite their reduced effi ciency with respect to contact time, chloramine can be used as a disinfectant where a suffi cient contact period can be allowed (MOE 2004) , and is often employed as a secondary disinfectant in some water supply systems (MOE 2004) .
Chlorine dioxide is effective in the removal/ inactivation of microbial contaminants . However, it is volatile and does not provide residual protection. Hence, effective chlorine dioxide disinfection can only be provided in combination with the use of an effi cient secondary residual disinfectant. In Canada and the USA, the use of chlorine dioxide with chloramine as a secondary disinfectant is not uncommon (MOE 2004; USEPA 2006) . Chlorine dioxide has to be generated on site; this necessitates the transport and storage of chemicals on site, and designation of a facility to the required chemical mixing, all of which can lead to high operational costs (Clark et al. 1994) . Moreover, facilities for chloramine application are also required to protect the distribution systems. In addition, the formation of chlorite is a critical issue and has to be limited to 1 ppm (parts per million). These disadvantages often limit the use of chlorine dioxide as a disinfectant in water supply systems. However, their combination (chlorine dioxide and chloramine) produces lower levels of regulated DBPs, while the generation of unregulated DBPs and their effects have yet to be investigated (Richardson 2005) . Granular activated carbon (GAC) with postchlorination is another approach which has been successfully employed in the reduction of NOM and organic chemicals in water. In this approach, additional fi ltration/adsorption is performed with GAC in addition to the conventional fi ltration. Higher molecularweight precursors can be separated using GAC, which subsequently leads to a reduction in DBPs formation compared with chlorination without GAC. The use of GAC with postchlorination improves fi nished water quality and generally provides better human health protection. However, GAC can increase operational costs by up to 50% of that of conventional chlorination (Reiff 1995; Clark et al. 1998 ). Zadeh (1965) introduced fuzzy set theory to analyze imprecisely informative data. This method enables the incorporation of imprecise data where information is limited, qualitative, or sparse, and thereby provides an advantage over some other uncertainty characterization approaches. A fuzzy set establishes the relationship between uncertain data and the membership function, μ, which ranges from 0 to 1. In a traditional set theory, an element is identifi ed by binary logic, where if the element is in the set (say A), the membership grade is unity; otherwise the membership grade is zero. A fuzzy set is an extension of traditional set theory in which an element has a certain degree of membership in set A. For example, the fuzzy triangular membership function for Fig. 1 can be constructed as:
Fuzzy Set Theory
(1) (Fig. 1) . Triangular and trapezoidal fuzzy numbers are mostly used to represent the linguistic scales (high, medium, low) employed by managers, professionals, and stakeholders (Lee 1996) . Fuzzy multicriteria decision making is a sequential process which involves fi ve steps described as follows:
Defi nition of Basic Attributes and Hierarchical Framework
The attributes necessary for decision making are identifi ed, and the generalized attributes are broken into their basic attributes (Fig. 2) . In this case study, the system index (a) is divided into four general attributes as human health risk from DBPs (a 1 ); cost (a 2 ); technical feasibility (a 3 ); and disinfection performance (a 4 ), as shown in Fig.  2 . At the next level, the disinfection performance (a 4 ) has been separated into two attributes: microbial (a 41 ) and aesthetic (a 42 ) performance and these are subsequently divided into their basic attributes as shown in Fig. 2 . The basic attributes are typically in different units (risk: no units; cost: dollars per person per year) and can include data in the form of crisp, fuzzy, or linguistic terms. These are then transformed into a homogeneous scale using a fuzzifi cation technique.
Fuzzifi cation of Basic Attributes
The basic attributes are generally expressed in 5 to 9 scales (Saaty 1988) to incorporate expert judgments. In this case study, six linguistic scales (worst, bad, poor, fair, good, and best) have been selected for simplicity. Once the fuzzy data is defi ned, the basic attributes are expressed with membership grades in the six predefi ned scales (μ 1 , μ 2 , μ 3 , μ 4 , μ 5 , μ 6 ) representing worst, bad, poor, fair, good, and best, respectively. For example, in Fig. 3 , an element P is defi ned by fuzzy data as 0.3, 0.6, and 0.9, for which the fuzzy data indicates a triangular fuzzy number in the range of 0.3 to 0.9, with a most likely value of 0.6. If the variable P intersects any scale more than once, the maximum operator is used to defi ne the fuzzy subsets. In the case of variable P, a membership grade for μ 1 (worst) = 0, μ 2 (bad) = 0.2, μ 3 (poor) = 0.61, μ 4 (fair) = 1, μ 5 (good) = 0.61 and μ 6 (best) = 0.2 would be determined. As such, the fuzzy sets would become 0, 0.2, 0.61, 1, 0.61, and 0.2. The fuzzy scales for basic attributes are shown in Table  2 . Following the scales in Table 2 , Fig. 4 to 8 have been constructed to demonstrate the fuzzifi cation process for different basic attributes. The cancer risk, noncancer risk, cost, technical feasibility, and disinfection performance are shown in Fig. 4 , 5, 6, 7, and 8 respectively. The data in Table 3 are mapped using corresponding scales to obtain fuzzifi ed data as shown in Table 4 . 
Defi nition of Relative Weights
Fuzzy evaluation requires that the relative importance of different attributes at each level be determined. The analytic hierarchy process was introduced by Saaty (1988) to defi ne the relative importance of each attribute. The fundamental scales of importance vary between 1 and 9 where 1 represents equal importance and 9 represents absolute importance in comparison with other attributes (Saaty 1988) . These scales were employed to construct the priority matrix for this case study. The priorities are then normalized and the matrix is formed in such a way that the sum of the relative importance of all attributes in a group equals unity (Saaty 1988 ) as: For example, in level 3, the attribute "technical feasibility" (a 31 ) is composed of three basic attributes: ease of operation (a 311 ), technology availability (a 312 ), and ease of maintenance (a 313 ) (Fig. 2) . From expert judgments, it is assumed that the basic attribute, technical feasibility (a 311 ), is 1.67 times more important than technology availability (a 312 ), and 2.5 times more important than ease of maintenance (a 313 ). However, a range other than a crisp number may represent the relative importance. In such cases, approaches discussed in Chowdhury and Champagne (2006) can be followed. For simplicity, crisp numbers were used for relative importance in this study. The matrix is formed following Saaty (1988) as: (2) The matrix W can be formed by taking the row-wise geometric mean of the elements and normalizing to unity as: (3) Priority matrices for the other attributes have been developed following the same approach.
Generation of More Generalized Attributes by Aggregation
Once the relative importance and fuzzy sets for the basic attributes have been defi ned, these are then grouped according to the hierarchy framework as illustrated in Figure 2 . For instance, the fuzzy subsets for a 31 form an assessment matrix as shown in Table 4 , fi rst column:
The priority vectors for the three attributes are:
The evaluation matrix of a 31 is obtained using the priority vector W T 31
(4) Similarly, the evaluation matrices for other attributes are developed until a complete fi nal fuzzy set is generated.
Defuzzifying the Final Data Sets and Ranking the Alternatives.
Decision making is generally performed using crisp values. In fuzzy set theory, these crisp values are obtained through defuzzifi cation, which can be performed using a number of available methods (Chen and Hwang 1992) . In this paper, an application of fuzzy synthetic evaluation has been introduced (Cheng and Lin 2002) . To apply fuzzy synthetic evaluation, the following sequences are followed:
Fuzzy sets for the main criteria (Level 2 criteria in (i) Fig. 2 ) are determined through aggregation following the hierarchy structure;
The centroid values for each of the criteria are (ii) determined using Fig. 3 . For example, the centroid value of a 3 (from equation 4) is determined as: =0.797 (5) (iii) (iv) The centroid matrix is constructed by the centroid values of the main criteria for all selected alternatives (equation 6); (v) The overall utility is determined through multiplication of the centroid matrix and the weighting vector of the same hierarchy level (equation 7); (vi) The crisp utility of equation 7 represents overall status of the treatment approach.
Case Study
A comprehensive evaluation of different water treatment approaches is crucial in assessing risk and cost trade offs in the selection of a water treatment option. The management options for drinking water treatment approaches are generally based on human health risks from DBPs exposure, cost, technical feasibility, and disinfection performance. For this study, human health risk was predicted from trihalomethanes data in Newfoundland. This data can be found in Chowdhury et al. (2007) . For cancer and noncancer risk assessments, the procedure described in USEPA (1998) was employed. The cost for chlorination was found to be the lowest among the three treatment options followed by chloramination and GAC with postchlorination (Clark et al. 1994 (Clark et al. , 1998 Reiff 1995) . Technical feasibility of a treatment approach also depends on the ease of operation, maintenance, and technology availability. The ease of operation, availability, and maintenance of chlorination is better in comparison with the other available disinfection approaches. The disinfection effi ciencies for the three treatment options were found to be comparable for each of the disinfection methods with the limitations that chloramine requires comparatively higher contact time ). The hierarchy framework (Fig. 2) illustrates generalized attributes broken into basic attributes. The basic attributes for different treatment technologies are shown in Table 3 . Cancer and noncancer risks have been presented on a log-scale (Table 3) to capture their low values. Fuzzy scales for different basic attributes are shown in Table 2 . The basic attributes were characterized by fuzzy triangular membership functions with minimum, most likely, and maximum values to capture the associated uncertainties (Table 3) . To fuzzify the basic attributes, fuzzy data were mapped into the fuzzy scales and the respective membership grades were determined with respect to μ 1 , μ 2 , μ 3 , μ 4 , μ 5 , and μ 6 . Figures 4 to 8 show mappings of different basic attributes. For example, fuzzy set for cancer risk (a 111 ) was found to be (0, 0.23, 0.68, 0.83, 0.3, 0) from Fig. 4 .
In defi ning priorities for the attributes at each level, pair-wise comparison was employed (Saaty 1988) . At the highest level (Level 2), disinfection performance was assigned two times the priority of the risk from exposure to DBPs (Table 5 ) because of the increased concern for human health protection if exposed to improperly disinfected water (IPCS 2000) . Cost was given equal priority to the health risk as extrapolated from expert judgments (Sadiq et al. 2004 ). The hierarchy structure in 52, 0.51, 0.61, 0.84 and 0.49, 0.58, 0.68, 0.71 respectively. The cost status of chlorination appears to be the best (highest centroid value), while the risk status of chlorination is the worst (lowest centroid value). The membership grades of cost for chlorination, GAC with postchlorination, and chloramination have been shown in Fig. 9 . Figure  9 provides partial evidence of cost status in terms of different scales (μ 1 , μ 2 , μ 3 , μ 4 , μ 5 , μ 6 ). The centroids of different criteria for the three alternatives (chlorine, GAC with postchlorination, and chloramination) can be arranged in matrix form as: (6) where i represents the rows of the matrix showing alternatives (chlorine, GAC with postchlorination, and chloramination) and j represents the columns showing criteria (health risk, cost, technical feasibility, and disinfection performance).
The priority vector can be written from The ranks of chlorination, GAC with postchlorination, and chloramination are 1, 2, and 3 respectively. This ranking order may be sensitive to the weights and fuzzy scaling systems; thus, a sensitivity analysis needs to be performed. In this case study, the weighting schemes were varied as shown in Table 5 in different trials to perform the sensitivity analysis. After fi ve trials, the analysis determined chlorination as the best option in most of the trials except trial 4, where GAC with postchlorination was the preferred option. The choice of different weighting schemes can be arbitrary, however, guidelines can be set through expert opinions.
Summary and Conclusions
Reducing NOM prior to disinfection is a feasible way to lower DBPs formation in drinking water. It is often diffi cult to remove lower molecular weight DBPs precursors from water through available pretreatment approaches. The effective removal of NOM is generally costly. The use of alternative disinfectants such as ozone as the primary disinfectant and chloramine for residual protection can also limit the amount of regulated DBPs. However, the formation of unregulated DBPs might be a concern from toxicological point of view. Moreover, there are often high operational costs associated with this approach. As a result, in communities where cost is one of the critical deciding factors, trade-off studies are often necessary to identify the best disinfection option. In trade-off studies, each of the basic attributes affecting the decision-making process are considered. These are then carried over following a standard procedure for the assessment of the best treatment technology.
Fuzzy based evaluation through hierarchy structure involves the identifi cation and fuzzifi cation of the basic attributes, assignment of relative weights, aggregation through hierarchy structure, defuzzifi cation, and ranking of management alternatives. In this study, the fuzzifi ed values of each basic attribute were grouped using a hierarchical structure. Final fuzzy sets were defuzzifi ed and utility values were evaluated to determine their ranking order. The weighting schemes were developed using analytic hierarchy process. Disinfection performance was assigned a higher priority to outline the importance of human health protection from waterborne diseases. By assigning different weighting schemes, fi ve trials were performed to assess the impact of different weighting schemes on the overall system. The evaluation was found to be sensitive to the assignment of weighting schemes; thus, selection of weighting schemes requires expert opinions.
In the fi rst trial, the risk associated with DBPs exposure was given equal priority to the cost. Chlorination was ranked as the treatment option of choice (Table 6 ). In this trial, the weight assignment was: risk = 0.214, cost = 0.214, technical feasibility = 0.143, and disinfection performance = 0.428. In the second trial, risk associated with DBPs exposure was assigned higher priority than cost and technical feasibility, and disinfection effi ciency was given two times priority than risk from DBPs exposure (risk = 0.233, cost = 0.186, technical feasibility = 0.116, and disinfection performance = 0.465). Under this scenario, chlorination was ranked as the treatment option of choice (Table 6 ). In the third trial, risk from exposure to DBPs was given equal priority to disinfection performance and twice the priority of cost and technical feasibility (risk = 0.333, cost = 0.165, technical feasibility = 0.165, and disinfection performance = 0.333). Chlorination was again ranked as the preferred treatment option (Table 6 ). In the fourth trial, risk from DBPs exposure and disinfection performance were given a much higher priority, but cost and technical feasibility were given equal priority (risk = 0.4, cost = 0.1, technical feasibility = 0.1, and disinfection performance = 0.4). Chlorination with GAC was ranked as the best treatment option. Hence, the weighting scheme was found to be a sensitive parameter in the evaluation of treatment options (Table 6 ). In the fi fth trial, each of the criteria was assigned equal priority (risk = 0.25, cost = 0.25, technical feasibility = 0.25, and disinfection performance = 0.25). In this case, chlorination was ranked as the fi rst treatment option once again.
This study suffers some limitations in terms of subjective judgments, imprecise data, and fuzzy scaling, which could be improved through the establishment of a common platform. Once a defi ned platform is obtained, this study could be extended to similar types of environmental management studies such as water quality issues, solid waste management, produce water discharges from offshore oil and gas platforms, etc.
